Introduction {#s1}
============

Breast cancer, the most frequently occurring cancer among women, is a major public health problem. The worldwide incidence of female breast cancer is predicted to reach approximately 3.2 million new cases annually by 2050. This reflects the magnitude of breast cancer incidence and its effect on society worldwide, as well as the urgent need for preventive and treatment measures^[@b1]^.

Estrogen metabolites are considered as breast cancer risk factors. The estrogen metabolic pathway is regulated by the oxidizing phase 1 and conjugating phase 2 enzymes. Cytochrome P-450 1A1 (CYP1A1) and cytochrome P-450 1B1 (CYP1B1) catalyze the oxidation of estrone (E1) or 17-β estradiol (E2) to catechol estrogens 2-OHE1\[E2\] and 4-OHE1\[E2\], respectively. These catechol estrogens can be detoxified by Catechol-O-methyl transferase (COMT) to form methoxyestrogens 2-MeOE1\[E2\] and 4-MeOE1\[E2\], or they may be further oxidized by CYPs to semiquinones (SQ) and quinones (Q), accordingly. Estrogen quinones may be detoxified through reduction by nicotinamide adenine dinucleotide phosphate-quinone oxidoreductase1 (NQO1), or they may form quinone-DNA adducts or oxidative DNA adducts through quinone-semiquinone redox cycling^[@b2],[@b3]^ ([**Figure 1**](#Figure1){ref-type="fig"}). Depurinating adducts are formed when carcinogens covalently bind at the N3 or N7 of adenine or the N7 of guanine. Quinones from 4-OHE1\[E2\] and to a much lesser extent from 2-OHE1\[E2\] react with DNA and generate critical mutations^[@b4],[@b5]^. Moreover, stable bulky guanine adducts of 4-OHE1\[E2\] have been detected in human breast tumor tissue^[@b6]^, and unbalanced estrogen metabolism has been implicated in breast cancers^[@b7]^. Consequently, research on compounds that affect the estrogen metabolic pathway is ongoing. Example of these compounds are the dietary supplements resveratrol and N-acetylcysteine^[@b8]^ and the tumor necrosis factor-alpha (TNF-α)^[@b9]^, as well as vegetable and carbohydrate consumption^[@b10]^.

![Estradiol is metabolized into 2-OHE2 and 4-OHE2 by CYP1A1 and CYP1B1, respectively.](cbm-13-4-505-1){#Figure1}

Obesity is another vital risk for breast cancer in postmenopausal women, which might involve interlinked molecular mechanisms in the pathogenesis. Increased levels of estrogens caused by the aromatization of adipose tissues, inflammatory cytokines, such as TNF-α, interleukin-6, and prostaglandin E2, insulin resistance, and hyperactivation of insulin-like growth factors pathways, adipokines, and oxidative stress are all aberrantly regulated in obese women as these undoubtedly contribute to carcinogenesis. These molecular factors interfere with intracellular signaling in the MAPK and mTOR pathways, which regulate the progression of cell cycle, apoptosis, and protein synthesis. In this context, the structural defects of typical genes related to both breast cancer and obesity, such as leptin, leptin receptors, serum paraoxonase/arylesterase-1, fat mass and obesity associated gene, and melanocortin receptor 4 have been associated with varying risks of breast cancer development. Accordingly, the early detection of these gene alterations can be used as risk predictors in obese women, and targeting these pathways involved in the breast cancer pathogenesis in obese women is also a potential therapeutic tool^[@b11]^.

Thus, the role of leptin in the core of obesity is significant given that adipose tissues are the main site of leptin secretion. Breast cancers in obese individuals show increased inflammation, hypoxia, angiogenesis, and changes in endocrine factors including insulin, IGF-1, leptin, adiponectin, and estrogen^[@b12]^. Obese tissue adipocytes upregulate chemokines and leptin which attract macrophages that produce proinflammatory proteins (TNF-α and IL1b) and proangiogenic factors, providing a microenvironment conducive for adipose tissue expansion and tumor progression^[@b13]^. High leptin levels in obese patients may exaggerate the inflammatory status that disposes patients to later distant metastasis^[@b14]^. Recently, leptin was found to play a role in metabolic reprogramming that involves the enhanced use of glucose for biosynthesis and lipids for energy production. These metabolic adaptations induced by leptin may benefit the MCF-7 growth and support the reverse Warburg effect designated in breast cancer^[@b15]^. Moreover, studies report the existence of a crosstalk between leptin and estrogen, e.g., leptin can initiate the signaling pathways activated when estrogen receptor α (ERα) is simulated by estradiol. Leptin can also prompt the aromatase activity in MCF-7 breast cancer cells, enhance *in situ* estradiol production, and endorse estrogen dependent breast cancer proliferation. Furthermore, leptin can interfere with the anticancer effects of the antiestrogen ICI 182, 780, all of which elucidate the role of leptin in enhancing breast cancer growth^[@b16]^. Low levels of serum estradiol recently demonstrated that it may promote adipocyte genesis by influencing leptin function^[@b17]^. However, despite this interplay between leptin and estrogen in breast cancer, the relation between leptin and estrogen metabolism remains unexplored.

Thereby, this study is rooted in the hypothesis that specific estrogen metabolites react with DNA to form depurinating estrogen DNA adducts. The resulting apurinic sites in the DNA can generate critical mutations leading to breast cancer. Our work focuses on the effect of leptin on some important enzymes involved in the estrogen metabolic pathway which may affect the level of DNA adducts formation in breast cancer cells. We anticipate that this will enrich our understanding of the mechanisms linking obesity and breast cancer, and thus, offer significant opportunities to target and prevent this devastating disease.

Materials and methods {#s2}
=====================

Cells and cell culture {#s2-1}
----------------------

The human breast cancer cell line MCF-7 was purchased from Rockville culture collection, Md, USA. The cells were maintained at 37 °C in a 95% humidified, 5% CO~2~ atmos-phere in RPMI-1640 supplemented with 10% heat inactivated fetal bovine serum, 1% L-glutamine, 1% sodium pyruvate, and 1% penicillin and streptomycin (Gibco BRL, Life Technologies, Long Island, USA). To study the effect of leptin on the formation of DNA adducts, the cells were grown in a serum free phenol red free media for 24 h. The cells were then treated with a 10 nM of E2 with or without leptin for 48 h. The media were collected for DNA adducts analysis.

High performance liquid chromatography (HPLC) analysis of estrogen induced depurinating DNA adducts {#s2-2}
---------------------------------------------------------------------------------------------------

### Sample preparation {#s2-2-1}

MCF-7 cells were treated as described above. Growth media were used to measure the level of depurinating DNA adducts according to the method described by Saeed et al.^[@b18]^. Cell culture media were extracted using Varian C8 Certify II solid phase extraction cartridges (Varian, Harbor City, USA), which were pre-equilibrated by sequentially passing 1 mL methanol, distilled water, and potassium phosphate buffer (100 mM, pH 8.0). Culture media was adjusted with 1 mL of 1 M potassium phosphate to pH 8.0 and passed through the cartridge. After washing with 2 mL of 100 mM potassium phosphate and 5 mL of distilled water, the analytes were eluted with 1 mL of elution buffer consisting of methanol/acetonitrile/water/TFA (8:1:1:0.1). The eluant was evaporated to about 100 μL by using Jouan RC10 Vacuum Concentrator and reconstituted with 100 μL of methanol/water (1:1). Subsequently, the solution was passed through 5000 MW cut-off filters and analyzed on HPLC connected with multiple electrochemical detectors.

### HPLC analysis of adducts {#s2-2-2}

The analysis of all samples was performed on an HPLC system equipped with dual ESA Model 580 autosampler and a 12-channel CoulArray electrochemical detector (ESA, Chelmsford, USA). The two mobile phases used are as follows: acetonitrile/methanol/buffer/water (15:5:10:70) and acetonitrile/methanol/buffer/water (50:20:10:20). The buffer was a mixture of 0.25 M citric acid and 0.5 M ammonium acetate in triple distilled water, and the pH was adjusted to 3.6 with acetic acid. The 95 μL injections were carried out on a Phenomenex Luna-2 C-18 column (250 × 4.6 mm ID, 5 mm; Phenomenex, Torrance, USA), initially eluted isocartically at 90%A/10%B for 15 min followed by a linear gradient to 90%B/10%A in the next 40 min and retained for 5 min (total 50 min gradient) at a flow rate of 1 mL/minute and a temperature of 30 °C. The serial array of 12 coulometric electrodes was set at potentials of -35, 10, 70, 140, 210, 280, 350, 420, 490, 550, 620, and 690 mV. The system was controlled, and the data were processed using the CoulArray software package (ESA). Peaks were identified by both retention time and peak height ratios between the dominant peaks and the peaks at the two adjacent channels. The metabolites, conjugates, and depurinating adducts were quantified by comparing peak response ratios with known amounts of standards. The level of adducts were normalized against cell numbers and DNA contents.

Reporter assay {#s2-3}
--------------

### Stable transfection of MCF-7 with the reporter plasmids {#s2-3-1}

Luciferase reporter plasmids containing CYP1B1, COMTP1 (proximal COMT-promoters), COMTP2 (distal COMT-promoters), and NQO1 promoters were used in this study. These plasmids were stably transfected into MCF-7 according to the following: MCF-7 cells were cotransfected with individual reporter plasmid (10 μg) and Neomycin-expressing vector (1 μg) using transfection reagent Fugene 6 (Roche, Indianapolis, USA) following the manufacturer\'s protocol. At 48 h post-transfection, the media were replaced with Genecitin containing media (500 μg/mL media). Individual colonies were picked and propagated following 2 weeks of selection and were screened for luciferase activity. Colonies which showed positive luciferase activity indicated that they were successfully stably transfected and thus were selected and maintained in liquid nitrogen for further experiments.

### Luciferase assay {#s2-3-2}

The stably transfected cells containing the reporter gene vectors with the promoters of interest were grown in RPMI media, distributed in 6 well plates, and treated with varying leptin concentrations. After 48 h, the cells were harvested, and luciferase activities were determined using luciferase enzyme assay systems according to the supplier's protocol (Promega, Madison, USA). The luciferase activity was then normalized against protein concentration using the Bradford protein assay procedure.

Real time RT-PCR {#s2-4}
----------------

MCF-7 cells were cultured, distributed in 6 well plates, and treated with varying leptin concentrations. After 48 h, total RNA was isolated through RNA aqueous-Micro kit (Ambion, Foster City, USA) according to the manufacturer's instructions. cDNA synthesis was conducted using High Capacity cDNA Reverse Transcription kit (Applied Biosystem, Foster city, USA) following the manufacturer's protocol. PCR amplification was performed using Taqman Fast Universal PCR Master Mix (Applied Biosystem, Foster city, USA). Quantitative real time RT-PCR was carried out using the predeveloped Taqman assay reagents control kits (Applied Biosystem, Foster city, USA). Kits were used for NQO1 (assay ID Hs00168547-ml), COMT (assay ID Hs00241349-ml) and glyceraldehyde-3-phosphate dehydro-genase (assay ID Hs9999905-ml). Each assay was performed in duplicate.

Western blot analysis {#s2-5}
---------------------

MCF-7 cells were cultured, distributed in 6 well plates, and treated with varying leptin concentrations. After 72 h, the cells were washed with phosphate buffered saline (PBS) and whole cell lysates were prepared with radioimmuno-preciptation assay (RIPA) lysis buffer. Cell lysates were solubilized in a sample buffer \[60 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 0.7 mol/L β-mercaptoethanol; 0.01% bromophenol blue\] and subjected to SDS polyacrylamide gel electrophoresis (PAGE). Proteins were electroblotted onto nitrocellulose membranes. Membranes were immunoblotted with the primary antibodies against CYP1B1 and COMT (Chemicon International Inc., Temecula, USA), NQO1 (Novus Biologicals Inc, Littleton, USA) and β-actin (Sigma-Aldrich Co., St. Louis, USA). After washing, membranes were incubated with horse radish peroxidase (HRP) conjugated secondary antibodies (Vector Laboratories, Burlingame, USA), and x-ray films were then developed.

Statistical analysis {#s3}
====================

Data are presented as mean±standard error of the mean (SEM). Each experiment was repeated twice or thrice with duplicate or triplicate data points each as indicated under the results section. Statistical analyses were conducted using SAS 9.1 (SAS Institute, Cary, NC). Statistical significance was determined by one way analysis of variance (ANOVA) followed by a Tukey test as a post-ANOVA multiple comparison test. Unpaired *t*-test was used to compare the two groups. *P* \< 0.05 was considered statistically significant.

Results {#s4}
=======

Leptin increases DNA adducts formation in MCF-7 cells {#s4-1}
-----------------------------------------------------

Our results demonstrated that in MCF-7 cells, leptin significantly increased the depurinating DNA adducts 4-OHE1\[E2\]-1-N3 adenine and 4-OHE1 \[E2\]-1-N7 guanine levels compared with treatment with E2 alone. Thus, in MCF-7 cells treated with E2 alone or E2 plus leptin, the N3 adenine levels were 0.0025±0.0005 and 0.29±0.04 (pmol/10^6^ cells), respectively. Furthermore, the levels of 4-OHE1\[E2\]-1-N7 guanine were 0.0025±0.0005 and 1.05±0.043 in cells treated with E2 alone or E2 plus leptin, respectively ([**Figure 2**](#Figure2){ref-type="fig"}).

![Effect of leptin on depurinating DNA adducts formation.](cbm-13-4-505-2){#Figure2}

Leptin affects estrogen metabolizing genes and their expression in MCF-7 cells {#s4-2}
------------------------------------------------------------------------------

### Leptin upregulates CYP1B1 {#s4-2-1}

Our study shows that the treatment of MCF-7 cells with leptin (10, 50, and 100 ng/mL) significantly increased CYP1B1 levels as indicated by the reporter assay by 68.8%, 87.8%, and 141.11%, respectively ([**Figure 3A**](#Figure3){ref-type="fig"}). CYP1B1 protein was also upregulated as indicated by Western blot ([**Figure 3B**](#Figure3){ref-type="fig"}).

![Effect of leptin on CYP1B1 in MCF-7 cells.](cbm-13-4-505-3){#Figure3}

### Leptin downregulates NQO1 {#s4-2-2}

Our data reflected that the effect of leptin on NQO1 occurred on the transcriptional level as indicated by the Reporter assay and real time RT-PCR. In the Reporter assay, leptin (100 ng/mL) significantly downregulated NQO1 from 100% to 45.78% ([**Figure 4A**](#Figure4){ref-type="fig"}). In the real time RT-PCR assay, NQO1 levels were reduced by 59.23% by using leptin100 ng/mL ([**Figure 4B**](#Figure4){ref-type="fig"}). Furthermore, leptin decreased NQO1 on the translational level in MCF-7 cells as indicated by Western blot ([**Figure 4C**](#Figure4){ref-type="fig"}).

![Effect of leptin on NQO1 in MCF-7 cells.](cbm-13-4-505-4){#Figure4}

### Leptin downregulates COMT {#s4-2-3}

Our Reporter gene assay demonstrated that leptin (10, 50, and 100 ng/mL) reduced COMTP1 expression by 20.45%, 20.32%, and 30.17%, respectively ([**Figure 5Ai**](#Figure5){ref-type="fig"}). Similarly, COMTP2 was reduced by 37%, 31.76 %, and 37.08%, respectively ([**Figure 5Aii**](#Figure5){ref-type="fig"}). Real time RT-PCR data reflected that COMT mRNA was reduced by 34.57% in cells treated with leptin (100 ng/mL) compared with untreated control ([**Figure 5B**](#Figure5){ref-type="fig"}). Consistent with the above two assays, Western blot confirmed that leptin downregulated COMT expression compared with control ([**Figure 5C**](#Figure5){ref-type="fig"}).

![Effect of leptin on COMT in MCF-7 cells.](cbm-13-4-505-5){#Figure5}

Discussion {#s5}
==========

Although technological advances in medical sciences and health care have realized the detection and early treatment of breast cancer, several unanswered questions with regard to the mechanisms that underlie this disease persist.

Obese women are at risk of breast cancer; however, clinicians lack solid tools for the prevention or early diagnosis of this risk. Although the connection between obesity and breast cancer has been well documented in various studies^[@b10]^, the molecular mechanisms fundamental for this correlation are not fully clear. Leptin, an obesity related molecule, is a key player in the progression of several types of cancer including breast cancer. Leptin signaling increases cell proliferation in breast cancer via the induction of cyclin D1 and Cdk2^[@b19],[@b20]^ and evading apoptosis^[@b21]^, as well as stimulation of angiogenesis^[@b22]^, epithelial mesenchymal transition (EMT)^[@b23]^, and telomerase activities^[@b24]^. Moreover, leptin induces Notch and IL-1 inflammatory systems^[@b25]^ and influences several cell components of the breast cancer stroma (i.e., cancer associated fibroblasts, macrophages, adipocytes and cancer stem cells)^[@b16],[@b26]^. Furthermore, tamoxifen was found to induce an increase in leptin expression which may be one of the causes of drug resistance among cancer patients treated with tamoxifen^[@b27]^.

From the above findings, it is clear that the research associated with obesity, leptin, and breast cancer progression becomes more complex with an overlap between several leptin mediated pathways. Increased studies are therefore necessary to fully elucidate the mechanisms by which leptin affects breast cancer. This study analyzed a novel potential mechanism by which leptin may influence breast tumor growth and development. Considering the crosstalk between leptin and estrogen, we focused on the metabolic pathways of estrogen, more specifically the estradiol metabolism and the several enzymes involved that have been linked to breast cancer. This study aims to inform possible future intervention to reduce the progression of breast cancer.

Our results demonstrated that leptin directs breast cancer cells toward the production of carcinogenic estrogen-DNA adducts N3-adenine and N7-guanine. To elucidate the mechanism by which this adduction occurs, the effect of leptin on the expression of some key enzymes involved in estrogen metabolism was examined. The expression levels of the CYP1B1, NQO1, and COMT enzymes were of special importance.

We found that leptin upregulated CYP1B1, which confirmed the effect of leptin on CYP1B1 as stated in previous studies. As previously mentioned, leptin induces the CYP1B1 expression in breast cancer cells. The mechanism of this induction through the activation of ERK and AKT lead to the ligand-independent activation of the ERα pathway^[@b28]^. Other studies have demonstrated the same effect of leptin on CYP1B1 in MCF-7 cells as well^[@b21]^. As mentioned, this effect is interesting because CYP1B1 is involved in the oxidative metabolism of estrogen (4-hydroxylation), an important step in the adduct formation pathway. We also found that leptin reduced the levels of the detoxifying enzyme COMT, an important protective enzyme against estrogen-induced carcinogenesis. This is in accordance with an interesting study that used proteomic analysis to study changes in whole MCF-7 cell proteome in response to leptin^[@b29]^. On the effect of leptin on NQO1, our study indicated that leptin reduced NQO1 levels. To our knowledge, no previous study has explored the relation between leptin and this enzyme. However, the high levels of NQO1 in human adipose tissues which indicated for the role of NQO1 in the metabolic complications of human obesity has been reported^[@b30]^. Thus, we determined that leptin upregulated CYP1B1 with a concomitant reduction of detoxifying enzymes COMT and NQO1. Clearly, this may have increased the levels of DNA adducts N3-adenine and N7-guanine. Interestingly, it was recently reported that leptin induces the proliferation of prostate cancer cells, and estrogen metabolism was identified as an essential co-player in this respect suggesting that leptin might be a novel target for the therapeutic intervention of prostatic disorders, which is pathophysiologically greatly similar to breast cancer^[@b31]^.

Several studies have been performed to elucidate on the role leptin plays on different breast cell lines both normal and cancerous. A study evaluated the influence of leptin on cell proliferation, cell cycle, apoptosis, and signaling on numerous breast cell lines, including 184B5 normal and MCF-10A fibrocystic cells, as well as MCF-7, MDA-MB-231, and T47D cancer cells. Leptin stimulated the proliferation of all cell lines except for 184B5 and MDA-MB-231 cells. In addition, leptin inhibited apoptosis but failed to alter the proportion of cells within the cell cycle in MCF-7 cells. Moreover, leptin induced the overexpression of leptin, Ob-R, estrogen receptor, and aromatase mRNA in MCF-7 and T47D cells. This finding suggests that obesity-associated hyperleptinemia may be a breast cancer risk factor^[@b32]^. Otvos et al.^[@b33]^ used a peptide called Allo-aca, a drug targeting the leptin receptor (ObR), to see its effects on triple negative breast cancer (TNBC) xenograph model. Results were very promising and indicated exciting prospects on a possible therapeutic target for TNBC. However, minimal work has been conducted on the relationship between leptin and estrogen metabolic pathways as mentioned above, thereby confirming the novelty of the current work.

Collectively, these results extend the knowledge on estrogen/leptin crosstalk and implicate new potential mechanisms for obesity-associated breast cancer given that leptin is a major adipokine produced by adipocytes. This may pave the way for developing new agents that target leptin and leptin receptor pathways that shape the tumor microenvironment particularly in obese women and may encourage the personalized and professional control of obesity. Advances in adipokine research may hold promise for the use of adipokines as potential prognostic markers and therapeutic targets. Physical exercise, adoption of a balanced diet, weight reduction, and bariatric surgery for morbidly obese women may regulate adipokine levels to reduce the risks of developing breast cancer. Similarly, lipid-lowering drugs such as statins and niacin, vitamin C and D supplementation, folic acid, oleic acid, and calcium-channel blockers may also significantly modulate serum adipokines levels and would be of value in obesity associated breast cancer^[@b34]^.

This study collectively shows that leptin directs estrogen metabolism toward unfavorable pathways by increasing the formation of DNA adducts. These adducts can then generate mutations resulting in the progression of breast cancer. This finding may add a new avenue by which leptin may drive changes in breast cancer microenvironment. Moreover, the estrogen metabolic pathways may represent potential targets for the treatment and prevention of obesity-related breast cancer. Further studies should be directed toward elucidating the exact molecular mechanisms by which leptin alters estrogen metabolic pathways.

However, this study includes limitations including its focus on only breast cancer cells. Thus, it would be of great interest to investigate the effect of leptin on estradiol-induced adduct formation in normal epithelial cells (e.g., MCF-10A). The outcome of this study may provide information on whether the adducts formed will have a role in the risk of breast cancer. Future research can explore whether the estrogen metabolic pathway is involved in higher resistance to endocrine therapy among obese breast cancer patients who are resistant to endocrine therapy as well. Further evaluation of human breast cancer samples and experimental models, as well as the development of novel *in vivo* models designed to specifically study mammary carcinogenesis can certainly help address many of these questions.
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